A face-centered cubic (FCC) phase in electro-polished specimens for transmission electron microscopy of commercially pure titanium has sometimes been reported. Here, a combination of atom-probe tomography, scanning transmission electron microscopy and low-loss electron energy loss spectroscopy is employed to study both the crystal structural and chemical composition of this FCC phase. Our results prove that the FCC phase is actually a TiHx (x≥1) hydride, and not a new allotrope of Ti, in agreement with previous reports. The formation of the hydride is discussed.
close packed phase (hcp), a high-temperature β-body-centered cubic phase (bcc), a hcp martensite α' or orthorhombic martensite α'', and a high-pressure metastable trigonal or hexagonal phase ω. A facecentered cubic (FCC) crystal structure of Ti has been sporadically reported from simulations [1, 2] and experiments [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . First-principles calculation [1] indicated that the total energy of Ti along the Bain transformation shows a minimum at a FCC structure. Aguayo et al. [2] suggested that HCP metals, e.g., Ti, Zr and Hf, have a locally stable FCC structure in a certain pressure regime from first-principles, fullpotential calculations. Earlier experimental studies claimed that FCC-Ti phase exists in Ti thin films [3] [4] [5] [6] , high-energy ball milled Ti powder [7] , Ti/Ni and Ti/Al multilayers [8] [9] [10] and bulk commercially pure Ti and Ti-alloys [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . However, doubts were cast on some of these reports that the FCC-phase is associated to an artifact caused during preparation of transmission electron microscopy (TEM) specimens [24] [25] [26] [27] [28] [29] [30] [31] .
The FCC phase in bulk pure Ti and Ti-alloys appeared lath-or needle-shaped, its lattice parameter falls within the range of 4.1 -4.4 Å [13, [16] [17] [18] [19] [21] [22] [23] , and the orientation relationship (OR) with the adjacent HCP matrix is reported to be either OR1: < 0001 > // < 001 > ; {11 ̅ 00} // {11 ̅ 0} [13, 18, 20, 22, 23] ; or OR2:< 1 ̅ 21 ̅ 0 > // < 11 ̅ 0 > ; {0002} // {111} [19, 23] . Coincidentally, both the morphology and the crystallography of the FCC-Ti phase, determined by TEM/high-resolution TEM (HRTEM), are similar to those of the hydrides in Ti and its alloys [30, [32] [33] [34] [35] . Hydrides readily form in Ti, Zr, Hf and their respective alloys, because of a high affinity to hydrogen combined with low hydrogen solubility in the HCP α phase at room temperature. Hydrides were reported to form in Ti, Zr and some of their alloys during traditional specimen preparation processes, e.g., electropolishing [29, 30] , broad ion beam milling [24, 36] or conventional focused ion beam (FIB) at room temperature [37] [38] [39] . Despite clear evidence from past literature on the influence of hydrides generated through TEM sample preparation in Ti-based alloys [27] [28] [29] [30] [31] , the possibility that the FCC-phase could be a hydride has not been sufficiently appreciated in recent years.
The characterization of the H distribution in engineering alloys at the nano-scale is challenging. TEM has been used to image H-containing atomic columns in ordered phases [40] , yet the direct imaging of individual light atoms is usually out of reach. However, hydrogen can be detected via plasmon excitation in electron energy loss spectroscopy (EELS), where hydrogen in metal hydrides usually introduces an upward shift in the plasmon peak energy compared to the parent metals [41] [42] [43] [44] [45] [46] . An alternative is to use atom probe tomography (APT). APT is a mass spectroscopy technique with sub-nanometer spatial resolution, which enables the characterization and visualization of the 3D distribution of elements. With great care, H can be specifically analyzed in metallic materials, e.g., steels [47, 48] , Zr alloys [49] [50] [51] and Ti alloys [39, 52] .
Here, needle-shaped FCC-precipitates were observed in specimens for TEM of CP-Ti before and after coldrolling, prepared by electropolishing at -30C. We use (S)TEM-EELS to analyze the crystal structure and chemical composition in these precipitates. Specimens for APT were prepared by site-specific lift-out of FCC laths from within TEM specimens. The final stage of the preparation was performed at cryogenic temperature. This avoids significant hydrogen ingress [46, 53] , which was attributed to a decrease in the inwards diffusivity of H formed at the bare metallic surface during the preparation. The correlative STEM-APT provides the first direct evidence that hydrogen is present in these FCC phase, which we prove are Tihydride and not a new allotrope of Ti.
We used CP-Ti (Grade 2) in its as-received state and after cold-rolling at room temperature to a total thickness reduction of 30%. The hydrogen content in the bulk measured from thermal conductivity is approx. 30 wppm. TEM specimens, with a diameter of 3 mm, were mechanically ground to approx. 100μm and then thinned by twin jet-electropolishing in a solution of 6% perchloric acid + 59% methanol + 35%
Butoxyethanol at −30 °C at an applied voltage of 15V. We performed TEM and selected area electron diffraction (SAED) by using a Titan Themis 60-300 (Thermo Fisher Scientific) microscope operated at an accelerating voltage of 300 kV. An aberration-corrected probe with semi-convergence angle of 24 mrad was used for STEM imaging and spectroscopy. For high-angle annular dark field (HAADF) and low angle annular dark field (LAADF) imaging, we used inner and outer semi-collection angles ranging from 73 to 200 mrad and 14 to 63 mrad, respectively. EELS spectra were recorded using a Quantum ERS (Gatan) energy filter in the image-coupled mode with an entrance aperture collecting electrons scattered up to 35 mrad. Multivariate analysis [54] was performed on the hyperspectral datasets to separate spectral contribution from the two phases.
HAADF-STEM imaging in Fig. 1a reveals numerous ~25 nm wide needle-shaped particles. Fig. 1b is a closeup on the region delineated by the red dashed square in Fig. 1a . The needle-shaped phase appears darker, compared to the surrounding matrix, indicating that this phase exhibits a lower average atomic number. by an ordered arrangement of H atoms in the FCC lattice [55] , which should result an ordered FCT hydride phase. However our measurements of the lattice parameters do not perfectly coincide with reported values for the FCC-or FCT-hydrides, which can be caused by either the fact that the observed hydrides are under strain in the Ti-lattice or may be an intricate mixture of different hydride phases. Apart from these needles, lenticular shape particles, approx. 80 nm in width, also with an FCC-structure, are observed in Fig. 2a -c. Based on the inset SAED in Fig. 2c , the orientation relationship between lenticular shaped FCC phase and matrix is confirmed to be OR2:
Besides, the lattice constant of both types of FCC phases is calculated to be approx. 0.42 nm, which is consistent with previously reported FCC phase in cold-rolled Ti metal and alloys [55] . Additional thin foils were prepared by in-situ lift-out on a FEI Helios PFIB equipped with a cold stage [56] and observed by transmission-Kukuchi diffraction on the same instrument with an EDAX HIKARI1 detector. None of these precipitates were observed by TKD following preparation of specimens by cryo-PFIB as shown in Fig. S1 .
or by TEM as reported in ref.
[53] STEM-EELS spectrum imaging of the low-loss region was performed to determine the chemical signature of both types of FCC phases (i.e., orientation variants OR1 and OR2) found in the electropolished Ti-foil, as shown in Fig. 3a and b . The overlaid phase maps indicate that the precipitates can be clearly distinguished from the bulk phase based on the position of their plasmon peaks. The plasmon peak energy is shifted from 17.5 eV in the HCP α matrix to 19.0 eV in both FCC phases, as evidenced in Fig. 3c .
In the free electron Drude model, the plasmon energy is proportional to the square root of the free electron density, n, [57] , as shown in Eq. 1,
where ħ, e, ε0, me denote the reduced Planck constant, the elementary charge, the vacuum permittivity, and the mass of an electron respectively. Therefore, an upward shift of the plasmon energy can be interpreted as an increase in the density of valence electrons, while a downward shift indicates a decrease in valence electron density. As shown in Table 1 , the plasmon peak of the α-phase Ti is very close to the calculated value from the Drude model, which has also been reported in previous studies [43] . table 1 ). Our experimentally observed plasmon peak energy for the FCC phase of 19.0 eV is very close to the case of TiHx (x~1). Indeed, an upward shift of the plasmon energy with respect to the metallic matrix has been well characterized in hydrides of Ti and other hydride formers like Zr. [30, [41] [42] [43] [44] [45] [46] . Hence, the plasmon peak analysis clearly indicates that the needle-and lenticular-shaped FCC precipitates are hydrides, instead of pure, FCC-Ti. To further explore the chemical composition of the FCC phase, we conducted APT measurements on specimens extracted from thick regions of the TEM foils containing FCC-laths. For a semi-correlative APT measurement ( Figs. 4a and b) , a bar of the material was lifted out specifically so as to contain the FCC lath in the center. The lift-out process was carried out on a dual beam scanning electron microscope / focused ion beam (SEM/FIB) FEI Helios Plasma-FIB with a Xenon plasma source, at an accelerating voltage of 30kV and current 6-9nA at ambient temperature. The FIB cuts were made at ambient temperature, and the bar sliced and attached on the Si posts by Pt deposition at 30 keV and 48 pA ion beam current. Subsequent annular milling was conducted with 30 keV and 0.46 nA to 24 pA after the stage was cooled to -153°C [56] .
The final cleaning was performed with 2 keV and 24 pA at cryogenic temperature. The APT measurements were performed on a Cameca LEAP 5000 XR, operated in high-voltage pulsing mode with 20% pulse fraction, 250 kHz pulse repetition rate and a target detection rate of 5 ions per 1000 pulses on average.
The base temperature of the specimens was kept at 50 K and the pressure in the analysis chamber was consistently below 4x10 -9 Pa.
Figs. 4c and d show two datasets obtained from this semi-correlative APT approach. The tomographic reconstruction in Fig. 4c shows the hydrogen and Ti elemental distributions, where a hydrogen-lean and hydrogen-rich phase is clearly revealed. The 1D compositional profile along the yellow arrow shows that the hydrogen composition in the hydrogen-rich phase reaches up to approx. 50 at.%, which agrees well with previous APT studies of TiHx (x>1) by Takahashi, et al. [58] and Chang, et al. [39, 59] . The ion-density map, from the segment delineated by the blue rectangle in the tomographic reconstruction, reveals the presence of two poles, identified as {111}fcc and {220}fcc, in the hydrogen-rich phase, which are also typical for hydride [39, 58] . Consistently, another dataset shown in Fig. 4d , with only the hydride, contains approx. The above structural and chemical analyses from both STEM-EELS plasmon peak consistently prove that the FCC phase, present in the electropolished TEM foil of cold-rolled CP-Ti in our study, is a TiHx (x~1)
hydride. In addition, semi-correlative APT confirms that TiHx (x>1) hydride exists inside the same TEM foil.
The lattice parameters and orientation relationship with the α matrix, as obtained by TEM analysis, agree well with earlier reports for hydrides in Ti [30, [32] [33] [34] [35] . In addition, we often found more hydride needles in the thin regions of the sample near the perforation, than in the thicker regions far from the perforation ( Fig. S2) , as also mentioned in other reports [19, 53] . However, the exact number density of hydrides may differ in different specimens since the pick-up of H is strongly related to the specific preparation procedure for each specimen, e.g. time, area exposed to the acidic solution, sample thickness etc. Since the hydrogen content in the bulk prior to specimen preparation is only approx. 30 ppm, it is unlikely that these hydrides were initially present in the cold-rolled material. In order to further confirm that these hydrides are not native in the bulk material, but an artifact introduced during TEM specimen preparation, we prepared an electro-polished CP-Ti without cold-rolling, as shown in Fig. S3 . The FCC-hydride is seen to form in the regions near the perforation, which is consistent with the observation in electro-polished CP-Ti with coldrolling ( Fig. 1) . Earlier studies reported hydrogen-pick-up and hydrides and hydride formation during preparation of specimens for TEM and APT by electrochemical polishing [29, 30] , Ar-ion beam milling [36] , or focused ion beam (FIB) at room temperature in Ti-and Zr-alloys [37] [38] [39] 46] , because of their high affinity for hydrogen and its low solubility in the matrix.
The intrinsic local stress concentration, associated with the cold-rolled sample, may accelerate the hydrogen accumulation and the subsequent hydride formation. The fact that more hydrides form near the perforation can first be explained by the possible higher concentration of H reached in the thinner region of the specimen due to the larger area exposed to acidic solution per unit volume. Stress relaxation normal to the surfaces of the foil also likely affects the hydride precipitation. The hydride transformation in Ti causes a volume expansion of approx. 21%, which requires both elastic and plastic accommodation [55, 60] , thus considerable relaxation of stress in the thin region of the foil could facilitate hydride formation. The formation of these spurious phases during specimen preparation can be misleading, in particular in the investigation of deformation mechanisms [13, 18, 19] .
To conclude, we used STEM-EELS and APT to determine the chemistry of the FCC-type phase present in the electropolished thin foils of cold-rolled CP-Ti. The FCC phase is identified as TiHx (x≥1) hydride. These hydrides form due to the undesired yet unavoidable hydrogen pick-up during specimen preparation.
Stress-relaxation during the thinning process may further promote hydrogen accumulation and accelerates hydride formation in the thin foil. Our findings highlight the importance of correlating structure and composition, and throw doubt on several reports of a new allotrope of Ti where such combined analyses were not performed.
